Several new 4.7-donor substituted 1,10-phenanthrolines w ere synthesized and th e c o rre sponding tris(l,1 0 -p h en a n th ro lin e )iro n (II) com plexes w ere studied by cyclic voltam m etry. All iro n (II) com plexes show ed fully reversible waves at scan rates betw een 50 and 500 mV/s. For som e redox system s the kinetics in th eir reaction w ith chlorine was studied. C om plexes 7 k and 71 significantly extent the po ten tial range of tris(l,1 0 -p h e n a n th ro lin e)iro n (II) com plexes.
O ur search for redox active sensoric materials and our continued interest in developing new reac tions [2] by applying electron transfer concepts has emphasized the necessity to prepare a series of structurally related, stable one-electron redox sys tems that exhibit a broad variation in their poten tials. In particular for the rational development of oxygen and chlorine sensors based on one-elec tron oxidation/reduction processes, redox systems (M'l+/M ("+1)+) with neatly spaced potentials are highly desirable. To some extent, triarylamines and their cation radicals fulfill the desired criteria, since by varia tion of the substituent pattern in the aromatic rings, a whole series of redox systems was synthe sized by Steckhan that cover the wide potential range from 0.51-1.72 V vs. SCE [3] . U nfortu nately, the triarylamine/triarylam ine cation radical redox systems display three decisive disadvantages for their use as sensoric materials: (1) not all the cation radical salts prove to be sufficiently stable [4] , especially in the presence of nucleophiles [4, 5] , (2) the oxidized form reacts readily with rad icals [6] , and (3) the reduced form is highly unsol uble in water, which would be the solvent of * R ep rin t req u ests to Prof. D r. U. Lüning. V erlag d er Z eitschrift für N aturforschung, D-72072 T übingen 0932-0776/94/0500-0675/$ 01.00/0 choice. As an alternative we have decided to in vestigate Fe(II)/Fe(III)-tris(l,10-phenanthroline) redox systems, since (1) these are much more stable towards nucleophilic attack [7] , (2) they are much slower in their reaction with radicals [8] , (3) the Fe(II) complexes can readily be analyzed by their strong absorbance around 500 nm [7] and (4) they are water soluble if a proper counter ion is chosen [7] . In order to speed up the response time in chlorine/oxygen sensors, stable systems with rel atively low potential (<0.5 V vs. SCE) are needed.
Despite the fact that substituted iron(II)-l,10-phenanthrolines (ferroins) have been playing an im portant role in analytical chemistry [7] and that ruthenium (II)-l,10-phenanthrolines have attracted wide interest due to their potential for solar energy conversion [9, 10] , relatively little ef fort has been undertaken to influence the elec tronic situation of the complex by variation of the substituents. A straightforward reason for this ne glect is the difficulty to synthesize the correspond ing substituted 1,10-phenanthrolines by a simple strategy.
For a m oderate num ber of examples, a variation of the redox potential of tris(l,10-phenanthroline)iron(II) complexes has been observed when the electron density in the 1 ,10-phenanthroline ligands was changed [8, 11] . However, only a very narrow range of potentials (0 .4 -0 .9 V vs. ferrocene) was m easured in acetonitrile [8, 11] . According to a simple VB description the strongest influence on the electron density of the N -donor atoms should be exerted by substituents in the positions 2, 4, 7 and 9. But since substitution in 2-and/or 9-positions does hinder complex formation with tran-sition metals by steric effects, in many cases the corresponding tris(l,10-phenanthroline)iron(II) complexes are not formed any more [8] . There fore, to alter the electronic properties of tris (l,10-phenanthroline)iron(II) complexes, substitution in 4-and 7-position with electron donating substi tuents seemed to be the m ethod of choice. Inter estingly, only a limited num ber of 4,7-disubstituted 1,10-phenanthrolines (R = -O M e [12] , -O P h [12] , -N H 2 [12, 13] , -N H R " [13] [14] [15] [16] [17] ) is known in the literature. But the effect of 4,7-substitution on the oxidation potential of corresponding iron(II)-tris-chelates was not studied in the amino cases. Herein, we report on the synthesis of some new aryloxy-and alkylamino substituted 1 ,10-phenanthrolines 1 and desribe the effect of the substi tution on the oxidation potentials of the corre sponding iron(II)tris-chelates. There are two general pathways to obtain 4,7-donor substituted 1 ,10-phenanthrolines 1 : (1) the de novo synthesis of the 1 ,10-phenanthroline sys tem from diam inobenzenes and appropriately substituted C3-units or (2) the modification of an already existing 1,10-phenanthroline, for instance by substitution. For the latter method, a key com pound is 4,7-dichloro-l,10-phenanthroline (lc ) [15, 16] which itself is accessible via route (1). In a five step synthesis, l c can be synthesized from 1 ,2-diaminobenzene (2 ) and diethyl ethoxymethylenem alonate (3) [15, 16] . An analogous route gives the 4,7-dibromosubstituted 1,10-phenanthroline I d [18] . The chlorine atoms in compound l c can be replaced via nucleophilic substitution by a variety of other substituents, like alkoxy, aryloxy and amino groups. Table I lists all 4,7-disubstituted 1 .10-phenanthrolines 1 synthesized in this work and the 'H NM R signals of the 1,10-phenanthro line moeity. The !H NM R and all other analytical data support the assignment of 4,7-substituted 1 .10-phenanthrolines 1 .
Using the new 1,10-phenanthrolines 1 listed in Table I , we have synthesized the corresponding iron(II) complexes using a modification of a litera ture procedure [11] . Thus, a solution of the 1,10- 490-495 nm and by the 'H NMR spectra. U nfor tunately, according to elemental analysis the iron(II) complexes prepared by this precipitation strategy always contained small amounts of the iron(III) tris-chelates (presumably by air oxi dation). The presence of small amounts of para magnetic Fe(III) complexes may also be inferred from the broadening of the *H NMR signals. Since iron(III) impurities do not cause problems in the cyclic voltammetry study all new systems were prepared by the ammonium hexafluorophosphate precipitation route. The red complexes 7 k and 71 proved to be extremely air-sensitive, but they could be handled in the presence of an added reductant, like hydroxylamine or hydrazine. Like wise, the oxidized form of 71 (green) could be re duced to the red iron(II) state by careful addition of a hydrazine solution in acetonitrile and reoxid ized by Ce(IV).
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In cyclic voltam metry investigations (CV), all iron(II)/iron(III) redox couples exhibited clean and completely reversible waves (between 5 0 -500 mV/s) and fulfilled other criteria for complete reversibility: (1) E v2 is independent of the scan rate; (2) the peak current ratio ip(/ i pa is unity; (3) the separation of the cathodic and anodic peaks is 60 ± 5 mV (Table II) and (4) /pa/v 1/2 is constant.
When the aryloxy substituted iron 1,10-phenanthrolines 7 f -i are compared within the series no major shift of the oxidation potentials was ob served reflecting the small range of oxidation po tentials of the 1,10-phenanthroline ligands them selves (A E pa =0.1 V). This outcome is surprising when considering that the substituents R at the phenanthroline 1 usually entail a much larger oxi dation potential difference when being attached to a methyl group (e.g. A E ox = 0.37 V for 4-methoxy- Table II . Cyclic voltammetry data and redox potentials EX i2a of tris(l,10-phenanthroline)iron(II)hexafluorophosphates 7-(PF6)2 in acetonitrile and anodic peak po tentials £ pa for the ligands 1. a All potentials are referenced to ferrocene which itself has EV2 = +0.39 V vs. SCE; b ratio of the anodic to cathodic peak current of 7 (accuracy ±5%); c peak to peak separation of 7; d anodic peak potentials; e no anodic peak was detected up to 2 V; f a strong coating of the electrode occurred during the anodic sweep. toluene and 1,4-dimethoxybenzene [20] ), but this difference cannot be found in the substituted 1,10-phenanthrolines l g and l i .

Substituent in 4,7-position
On the other hand, the diamino substituted iron 1,10-phenanthroline complexes 7k (E m = -0.23 V vs. ferrocene) and 71 (E 1/2 = -0.09 V vs. ferrocene) revealed quite pronounced substituent effects on the redox potentials. In the CV investigation both, 7 k and 71, exhibited fully reversible waves in acetonitrile, but interestingly, the cyclic voltammogram of 71 showed, beside the reversible Fe(II)/Fe(III) redox process, a second reversible wave at E V2 = 0.95 V vs. ferrocene that was followed by an irreversible one at E pa = 1.19 V (see Fig. 1 ). In the presence of tris(4-bromophenyl)am ine as internal reference and at higher scan rates (v = 0.5 V/s) the wave at 1.19 V exhibited some reversibility (E 1/2 = 1.14 V). A control experim ent proved that the li gand 11 itself, which can be regarded as a vinylogous Wurster type system, was oxidized irreversibly at Epa -0.71 V. Thus, we ascribe the reversible wave at E \/2 = -0.09 V to an F e(II)-F e(III) redox process, while the reversible wave at E v 2 = 0.95 V and the partially reversible one at E V2 -1.14 V are sup posed to correspond to formation of ligand cation radicals. It is noteworthy that the irreversible oxi dation wave in 11 (Epa = 0.71 V) becomes reversible in the iron tris-chelate (E 1/2 = 0.95 V), a process not understood at present.
In order to probe these Fe(II)/Fe(III) complexes as potential materials in gas sensors, we have undertaken a kinetic analysis of the reduction of chlorine using the redox systems 7e, 7g, 7j and 7 k.
Fen( l ) 3 + 1/2 Cl2 -> Fem ( l ) 3 + Cl"
The kinetics were followed at 25 °C under pseudo-first order conditions in methylene chloride/CCl4, since in acetonitrile/CCl4 or w ater the reaction was too fast to be m onitored by our set up (Table III) . But even in methylene chloride/ CC14, the reaction of 7 k with chlorine was too ra pid to be measured. This suggests that 4,7-substi tution of the ligand with amino groups should lead to an improvement of the response time of the corresponding iron(II) 1,10-phenanthroline com plexes in the reaction with chlorine.
The easily oxidizable 7 k not only has signifi cantly extended the range of oxidation potentials of iron(II)l,10-phenanthrolines 7 but also is much more rapid in its reaction with chlorine. To assess the general potential for their use in sensors, other donor substituted 1,10-phenanthrolines are under current investigation. In addition, mixed-ligand complexes [21] should allow to access the poten tials between -0. 23 as im portant mechanistic probes for testing the in volvement of cation radicals in electron transfer reactions [22] ,
E xperim ental
General remarks: see [22, 23] . The cyclic voltammograms of all the Fe(II)/Fe(III) couples were measured using a standard three electrode set-up (Pt working at Pt auxilliary electrode, silver wire as reference electrode) hooked up to a Princeton Applied Research Model 362 potentiostat. The experiments were carried out on a 1 mM solution of the iron salt or 1 ,10-phenanthroline ligand in acetonitrile with 0.1 M tetrabutylam m onium hexafluorophosphate as supporting electrolyte. All po tentials were measured at a scan rate of 100 mV s-1 and are referenced to internal ferrocene for practical reasons. The ferrocene/ferrocenium cou ple exhibits E v2 = +0.39 V vs. SCE under our con ditions. The oxidation potentials of 11 and 71 were originally measured against internal tris(/?-bromophenyl)amine, which has E V2= 0.70 V vs. ferrocene. 4,7-Dichloro-l,10-phenanthroline ( l c ) was pre pared according to the procedure described by Snyder and Freier [16] . Complexes 7 a and 7 e are described in ref. [4, 11] .
4,7-Dimethoxy-l,10-phenanthroline ( l e ) : 0.75 g (32 mmol) of sodium was dissolved in ca. 50 ml of dry methanol. Then at room temp. 1 .0 g (4.0 mmol) of 4,7-dichloro-l,10-phenanthroline ( l c ) was ad ded and the mixture was refluxed for 1 h. The m eth anol was distilled off, 30 ml of dichlorom ethane was added, the solution was washed with 30 ml of water and the organic layer was dried with M gS 04. After evaporation of the solvent, the residue was recrys tallized from 50 ml of toluene yielding 0.73 g (76%) of l e (23% [12] ), m. 
4.7-Bis(4-methylphenoxy)-l ,10-phenanthroline (lg ):
In a flask fitted with a drying tube, 2.00 g (8.00 mmol) of 4,7-dichloro-l,10-phenanthroline (lc ), 11 .80 g (110.0 mmol) of p-m ethylphenol and 2.25 g (40.0 mmol) of powdered KOH were stirred at 130 °C for 22 h. The darkbrown reaction product was dissolved in 100 ml of 30% KOH and extracted six times with 50 ml of dichloromethane. The com bined organic layer was washed twice with 50 ml of 2 N NaOH and twice with 60 ml of water. A fter dry ing with M gS 04, the solvent was evaporated, and the brown solid residue was recrystallized first from aqueous ethanol, then from methylene chloride yielding 2. Bis [4-(1,1 -dimethylethyl) -phenoxy]-l,10-phenanthroline (lh ): 4. 10 g (16.5 mmol) of 4,7-dichloro-1,10-phenanthroline (lc ), 33.0 g (220 mmol) of 4-ter/-butylphenol and 4.5 g (80 mmol) of pow dered KOH were melted at 130 °C and stirred for 11 h. At room temp, the product was dissolved in 30% KOH and extracted with dichlorom ethane (3 times 80 ml). After washing the combined organic layers with 80 ml of 2 N NaOH and 80 ml of water and drying with M gS 04, the solvent was evapor ated. The residue was recrystallized from ethanol yielding 6.67 
4.7-
4,7 -B is(l-naphthoxy)-l ,10-phenanthroline (lj):
In a flask fitted with a drying tube, 2.00 g (8.0 mmol) of 4,7-dichloro-l,10-phenanthroline (lc ), 15.8 g (110 mmol) of 1-naphthol and 2.25 g (40.0 mmol) of powdered KOH were stirred at 125 °C for 7.5 h. The darkbrown product as dis solved in 150 ml of 30% KOH, and extracted with dichlorom ethane for 5 d. The darkgreen organic layer was washed three times with 60 ml of 30% KOH, three times with 100 ml of 2 N NaOH, and twice with 100 ml of water. A fter drying with M gS 04 and evaporation of the solvent, the residue was recrystallized from aqueous ethanol, yielding 
4.7-Bis(dtiethylamino)-1,10-phenanthroline (11):
2.5 g (9.4 mmol) of 4,7-dichloro-l,10-phenanthroline (lc ) and 100 ml of diethylamine were shaken in an autoclave at 120 °C for 20 h. At room temp, the volatiles were evaporated in vacuo, the residue was dissolved in 200 ml of dichlorom ethane and washed twice with 60 ml of 2 N NaOH and twice w'ith 50 ml of water. After drying with M gS 04, the solvent was evaporated and the residue was recrystallized from acetone, yielding 0. 
General procedure fo r the preparation o f the tris-(4,7-disubstituted-l,10-phenanthroline)iron(II)-hexafluorophosphates (7)
1.28 mmol of a 4,7-disubstituted-l,10-phenanthroline 1 was added to a solution of 0.55 mmol of iron(II)-sulfateheptahydrate in 10 ml of distilled water, and the red suspension was sonicated with ultrasound for 30 min at 60 °C. Addition of 5 ml of acetonitrile gave a deep-red, clear solution, from which 7 precipitated after addition of 1.00 mmol of ammoniumhexafluorophosphate. The red solid was filtered off, washed with 80 ml of distilled water and dried at 120 °C in vacuo.
